REMARKS 

The claims remaining in the application are 1-17. 


Rejection Under 35 U.S.C. 8 102 

The Office Action has rejected claims 1-4, 7-12, and 14-16 under 
35 U.S.C. 102(e) as being anticipated by U.S. Patent 6,512,994 (Sachdeva). This 
rejection is respectfully traversed. 


Rejection Under 35 U.S.C. 8 103 

The Office Action has rejected claims 5, 6, and 13 under 35 U.S.C. 
103(a) as being unpatentable over U.S. Patent 6,512,994 (Sachdeva) in view of 
U.S. Patent 6,648,640 (Rubbert et al.). This rejection is respectfully traversed. 

The Office Action has rejected claim 17 under 35 U.S.C. 103(a) as 
being unpatentable over U.S. Patent 6,512,994 (Sachdeva). This rejection is 
respectfully traversed. 

Comments 

The claims have been amended to further narrow the scope of the 
claims and more truly distinguish the patentable invention from the references 
cited. No new matter has been added. 

As spelled out in the revised claims the present invention differs 
significantly from Sachdeva. Some specific differences are the use of the 3- 
dimensional intra-oral target, this is shown in Figure 2 of the present invention. if) 
The 3 -dimensional intra-oral target allows the use of photogrammetry to capture a 

^> 

precise series of images, from non-orthogonal positions, to construct an accurate ^ 
model. It is clear, as discussed in more detail in the paragraph below, that s£ m 
photogrammetry is clearly different from the single scaling factor used in 
Sachdeva. 

The physical model of the sensor used in the present invention is 
superior to the method in Sachdeva, specifically in the ability to correct for Q 
sources of error beyond scale. The analytical representation of the physical 
model, includes multiple parameters that model the imaging process. These 
include parameters for camera position, orientation, interior construction (e.g., 
focal length), and lens distortion parameters. In addition to correcting for sources 


of error beyond scale, the parameters allow corrections to be applied differentially 
across an image. This is clearly different from the single scale factor used by 
Sachdeva and of particular importance in this application where scale and other 
errors vary significantly across the imaged scene. This variation is due to the 
close-range nature of the image capturing event, i.e. the camera is focused at a 
finite distance, and the use of non-metric cameras. The formulation of the 
physical model is well known to those of ordinary skill in this art and described, 
e.g., in the Manual of Photo grammetrv. Fourth Edition , op. cit., pp. 48-54 and pp. 
244-247. Methods for correcting lens distortion in a close range situation are 
described pp. 258-260. 

CONCLUSION 

Dependent claims not specifically addressed add additional 
limitations to the independent claims, which have been distinguished from the 
prior art and are therefore also patentable. 

In conclusion, none of the prior art cited by the Office Action 
discloses the limitations of the claims of the present invention, either individually 
or in combination. Therefore, it is believed that the claims are allowable. 

If the Examiner is of the opinion that additional modifications to 
the claims are necessary to place the application in condition for allowance, he is 
invited to contact Applicant's attorney at the number listed below for a telephone 
interview and Examiner's amendment. 


Respe ctfully submitted, 



Attorney for Applicant(s) 
Registration No. 29,134 

Nelson A. Blish/tmp 
Rochester, NY 14650 
Telephone: 585-588-2720 
Facsimile: 585-477-4646 

If the Examiner is unable to reach the Applicant(s) Attorney at the telephone number provided, the 
Examiner is requested to communicate with Eastman Kodak Company Patent Operations at 
(585) 477-4656. 
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measured on the photograph. Whether stereo- 
scopic parallax or a plotting instrument is im- 
plied, relief displacement is the ftindamental ele- 
ment that makes height determination possible. 
The desired elevation differences, together with 
the corresponding displacements, are relatively 
small quantities. For example, the relief dis- 
placement for a 10-metre contour interval where 
the flight height is 6,000 metres and where the 
image is 30 mm from the center, is only 0 05 

f^J? 6 ^^ Size of <J«antity causes it to 
oe difficult to measure accurately. If, in addi- 
tion, the value of the apparent displacement of 
an image is combined with a totally unrelated tilt 
displacement that can be larger than the relief 
displacement, an accurate analysis of the effect 
is very complicated. The simplest instrument 
made to assist in solving the problem in a com- 
paratively crude, near-accurate manner costs a 
few hundred dollars, whereas an instrument that 
gives a complete and accurate solution costs a 
fe w tens of thousands of dollars. Graphic meth- 
ods are not applicable, but analytic computa- 
tions are coming into common use. 
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Figure 2-8. Geometry of stereoscopic coverage. 


2.2.2.6 Tilt Determination 
The tilt of an aerial photograph can be 
computed if the ground position of three or more 
image points in the photograph are known. 
J he Church Method of space resection, which 
will be described in section 2.2.4.2, is suitable 
for tilt determination using either desk or elec- 
tronic computers. This method has sufficient 
accuracy for most practical applications relating 
to photo-interpretation and quantitative 
analysis If a large number of control points 
are available, then the method of least squares 
adjustment may be applied. The mathematical 
solution for the simultaneous solution of large 
photogrammetric blocks, which will be pre- 
sented m section 2.6, may also be used to deter- 
mine the tilts of all the photographs which pro- 
vide complete stereoscopic coverage of an area 
Several other methods of tilt determination 
were discussed in chapter II of the Third 
Edition of the Manual of Photogrammetry. 
These methods included: (1) the image-displace- 
ment method; (2) the Anderson scale-point 
method; and (3) the Morse Method. These 
methods are not in common use and interested 
readers are referred to the previous edition of 
this Manual. 

2.2.3 CONCEPTS OF ORIENTATION 
The geometric principle of stereophotogram- 
metry is. illustrated in figure 2-8. The area to 
be mapped is photographed from two different 
camera positions, 0 L and O*. The area of 

VSET n > COvera 8? bv the «*o photographs is 
called stereoscopic overlap. Each photograph 
may be considered as a record of the bundle of 
light rays which travel from the object space 


pass through the nodal point of the camera lens 
system and register on the photographic film, 
la the laboratory, an optical model of the 
stereoscopic overlap area can be constructed in 
an instrument called stereoplotter. Each bundle 
of rays is reconstructed by inserting either a 
glass plate diapositive or film negative into a 
projector. The process of reconstructing the 
internal geometry of the bundle of rays in a 
projector is called interior orientation. The two 
projectors may each be translated and tilted 
until they assume the same relative position and 
attitude as that of the camera in its two positions 
during the photography. This process is called 
relative orientation. At the completion of rela- 
tive orientation, corresponding light rays in the 
two bundles intersect in space and a three- 
dimensional optical model is formed. Finally in a 
process called absolute orientation, points of 
Known ground positions (called control points) 
are used to scale the model and to level it 
with respect to the reference plane in the instru- 
ment. Once absolute orientation is completed, 
the position of any point in the stereo model 
may be measured at the intersection of the two 
corresponding rays from the two projectors. 
Further details on the operation and principle 

XUnd xS Wi " ** iDdUded in cto P*™ 

In computational photogrammetry, the path 
of each ray of light may be described by a 
mathematical expression which is a function of 
the position of the point in the object space 
position of the image point in the photograph! 
position of the exposure center in the ground 
reference system direction of the optical axis 
of the cainera and the Perspective geometry of 
the camera. If the perspective geometry of the 

tTrrJ'f *g* determiDed by camei^calibra! 
tion and if three or more control points are 

™ -f hoto ? ra P b > *e position of the 

camera and its attitude with respect to the 
ground control reference system can be deter 
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fi ^ned. Once the orientation of both of the 
h '". photographs of a stereoscopic pair is known, the 
position of any object point which is located in 
the overlap area may be computed as the point 
of intersection of two rays. 

Therefore, in both the instrumental and 
analytical approach of photogrammetric 
measurements, determination of the orientation 
of the camera at the moment of exposure is a 
necessary step in the measurement process. 
There are basically four orientation problems: 
(1) interior orientation; (2) exterior orientation; 
(3) relative orientation; and (4) absolute orienta- 
tion. 

2.2.3.1 Interior Orientation 

The interior orientation of a camera refers to 
the perspective geometry of the camera and is 
defined by the following parameters: (1) the 
calibrated focal length; (2) the position of the 
principal point in the image plane; and (3) the 
geometric distortion characteristics of the tens 
system. The interior orientation of a camera can 
be determined by either field or laboratory 
calibration procedure (see chapter IV). 

2.2.3.1.1 Purpose of Fiducial Marcs 

An aerial mapping camera is equipped with 
either four or eight fiducial marks which are 
permanently mounted in the came a housing and 
located in front of the image plane. Images of 
the fiducial marks appear on each photograph. 
The primary purpose of the fiducial marks 
is to define the location of the principal point of 
the photograph. The fiducial marks are posi- 
tioned so that the intersection of the lines joining 
diametrically opposite fiducial marks coincide 
with the principal point. In stereoplotting instru- 
ments, the plate carriage in each projector are 
also equipped with at least four fiducial marks 
which define the position of the principal point 
in the carriage plate. Thus, by positioning the 
photographic plate on the carriage so that the 
fiducial marks on the photographic plate coin- 
cides with those in the carriage, the photograph 
is centered properly with respect to the optical 
axis of the projector. 

2.2.3.1.2 Photo-Coordjnate System 

Figure 2-9 illustrates a three-dimensional 
photo-coordinate system (x , y, z) which is com- 
monly used to define the location of image 
points with respect to the exposure center, O. 
In the plane of the photograph, point O f is the 
point of intersection of the lines joining fiducial 
marks A and C and B and Z>. If the four fiducial 
marks arc perfectly aligned, the lines AC and 
BD should be orthogonal with each other and 
the point of intersection (O f ) should be in 
coincidence with the principal point. This con- 
dition is difficult to achieve in practice. For the 
purpose of generality, the x-axis on the plane of 
the photograph is defined as the line joining 



Direction ftf 


Photograph 


Figure 2-9. A photo-coordinate system. 


point O* and fiducial mark C. The positive x- 
axis points in the general direction of flight of 
the aircraft. The y-axis passes through O' and 
is perpendicular] to the x-axis. 

The photo-coordinate system is defined by the 
axes x, y and i with the origin of the system 
situated at the exposure center (0). The z-axis 
coincides with {the optical axis of the camera 
and is positive along the direction towards the 
image plane of tjie camera. The x-axis is parallel 
to the x-axis on jthe plane of the photograph and 
is positive towards the direction of flight. The 
5^-axis is parallel to the y-axis on the photo- 
graphic plane, 'thus, the x-y plane is parallel to 
the photographic plane. Assuming that the prin- 
cipal point is riot exactly in coincidence with 
point 0\ its position on the plane of the photo- 
graph is then defined by its coordinates x p and 
y p . The position of an image point / in the same 
plane can be defined by its coordinates x, and 
y,. The position of the same image point with 
respect to the Exposure center (O) is then de- 
fined by its pbbto-coordi nates jf ( , y< and % as 
follows: 

X| w X\ — x p 

■ y ( = yt-y„ (2.19) 

;*»-/• 

2.2.3.1.3 Mathematical Definition 
of Interior Orientation 

The interior orientation of a photogrammetric 
camera is said to be mathematically defined if 
the following parameters are known: 

(1) focal length,^ 

(2) coordinates of the principal point , x p and y , ; and 

(3) geometric distortion characteristics of the lens 
system. 

One commonly used model for correcting lens 
distortion is that developed by D. Brown: 

Ax, = Sjfcr 8 + /^-f^3 

+ [pti* + 2S/) + 2p x x J y j )[l + />/*] 

(2.20) 
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uS^JU'H^ A>J are corrections for geometric 
lens distortions present in the coordinates jf, 
and£ of image pointy; andr = (rf + yf)''* The 

JEST* - d '»« ma * * 

mined _as a part of the camera calibration pro- 
cess. The model accounts for both symmetric 
£i?L^"T ,oa S n * as y mm eMc distortions 
nS 5 ,ens ^ i,terin «- The terms which 
include the coefficients /„ /, and /, represent 
fnS tnC radial ^tortion, and the terms which 
lnciuae p„ Pt and Pl represent asymmetric dis- 
tortton . 

the photo-coordinates are corrected for lens 
distortion by the following expression: 


(2.21) 


2 2.3.2 Exterior Orientation 

The exterior orientation of a camera durin R 

£Z£° m T<: 0f T u P0SUre of 8 Partk^ar photo! 
graph is defined by the geographic position of 

optical axis. In computational photogrammelry 
the geographic position of the exposure center 
.s most conveniently defined by its coordinates 
m a three-dimensional rectangular coordinate 
system and the direction of the optical™' 
is usually defined by three rotation angles (eiiher 
<•>. <p and K or tilt, swing and azimuth). 

2.2.3.2.1 A Three-Dimensional 
Rectangular Coordinate System 

in F tlfl^i° Sh ° WS that locations Points 
•n the object space may be defined by a three- 
dimensional rectangular coordinate system. The 
ongin and orientation of the coordinate system 
may be arbftrarily defined. In analytical aero- 
tnangulation, the origin is usually chosen to be 
tooted near the center of the area of concern 

ZumSr*" ° f dijSitS in each coordiSS 

number can be kept at a minimum. The positive 
y-axis is ^ usually directed towards true north. 

« n /^ a r OT li*?* « *» object space 

can therefore be defined by its three coordinates 

ce'nter^^L™' F sition 0f thc «Pomre 
center of a photograph can similarly be defined 
by its coordinates X), Y) and Z). 

In geodetic surveying, the positions of survey 
stations are usually defined in geographic 

sss-sr ( ^ ,atitude - and 

above mean sea level), or in a state plane 
coordinate system {X, Y. and elevation above 
mean sea level). Neither of these coordinate 

D^t e r^ re COn r enjeal fo r computation pur- 
poses. When geodetic control points are defined 

L„n^ er ,° ne ° f thCSe '"ordinate systems, then- 
coordinates are usually first transformed to a 
locally defined rectangular coordinate system 



e ' _ 

Figure 2-10. Exterior orientation. 

The definition of various ground reference 
coordinate systems and transformation Tq Ua ! 
tions for converting from one system to the 
other are given in chapter VU. 

2.2.3.2.2 Omega («), p H i AND Kappa (k) 

■. J S « tl,e J S ? atia, P° sition of the exposure center 
« defined by its coordinates *f. rf and I Jf tte 
direction of the optical axis ma y be defined 

te^ln °I' ^ * Md *" a * is respec- 
tively of the photo-coordinate system All toe 
rotaUons are defined positive in th™countef 
clockwise direction. When «u = * J°™ U £ 

2d°U?S Wt - iS " Pf?" 1 ^ to the JT-r plane 

i. £ .? Z ' ax,s respectively. However it 

Siff £tK"! 2* b-CM - * Mature' 
f S • SU ? ace " zero rotat| o n about the 

x-, y- and z-axis does not mean that the photo- 
graph is truly vertical. 


2.2.3.2.3 Projective Transformation 
Equations 

iroes, that afl the rays entering a camera lens 
sys e m pass through a single point JSSS 
rltv^ ,S distortion ^ ) then a piojective 
relationship exists between the photo^aphic 
coordinates of the image points and the ?S 
coordinates of the corresponding object poinls 
as iBustrated in figure Ma It wiJ J 'be £SJ 
m th^seet.on that this projective mSS 
can be represented by the following set of 
projective transformation equations: 


in whic 

w, t =« 
m,| = 
m ai ~ 
m tt = 
mj» = 

a}, rj £ 

of obje< 
space t 
photo / 
of ohjec 
of the ( 
image p 
about tl 
nate syf 
The d 
ing para 
graph is 

Kf ~ 0 

wrrotat' 
small 
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Let o 
z 0 be th 
ltcanb< 
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+ **n (y* i- .+ »»« ("/)] (2.22) 
— = [ffi, 3 try — x p ) 

+ «t3 CVu - >») + m * (-/)] ' 

in which 
m u = cos ^y cos-K, 

m )t = xos-xuf sift + sin o>, sin fa cos *c ( 
m )3 — sin w» shriQ - cos o> t sin ircTR «j 
m 2] — — cos ^rani k s 

m 21 - .£o» a* cos - sin (i>j sin sin ici (2.23) 

wt 23 = sin <Of cos #0 + cos <u, sin ^ sin *fj 

/Mjl = sin fa 

fMj^ = — sin &*j cos <fo . 

m 3> = cos a* -cos <fc. 

Jf;, )j and Z i are the object space coordinates 
of object point/; x], f[ and Z\ are the object 
space coordinates of the exposure center of 
photo /; x :i and y u are the image coordinates 
of object point j on photo /; / is the focal length 
of the camera; A fi is the photo scale factor at 
image point j in the newly rotated photo-coordi- 
about the*-,?- and z-axis of the photo coordi- 
nate system. 

The derivation to be presented in the follow- 
ing paragraphs will first assume that the photo- 
graph is parallel to the X-Y plane; i.e. <x> k - fa - 
* t = 0 as shown in figure 2*11. Then a small 
&>i -rotation is introduced. It is followed by a 
small ^-rotation and a * r rot at ion. This se- 
quence of rotation is illustrated in fig. 2-32. 

Let 6>, = — = and let x a , y u and 
~z\ be the photo coordinates of image point j. 
It can be seen from figure 2-11 that the following 
relationships exist: 


Xj — X} — jTp 


(2.24) 


• t •«.>>,. 0 



Figure 2-11. Zero-rotation case. 


and 


Next, assume a small rotations and fa = k, = 
0. Let x w y w and z„ denote the coordinates of 
image pointy in the newly rotated photo-coordi- 
nate system. It can be easily derived from figure 
2- 1 3a that 

~ * SB 

Jo =?»cos a* - 2 B sin w, 

to -y u sin tt>i + z<* cos to } . 

Next introduce an additional rotation fa about 
the y tf -axis as shown in figure 2-l2b, and let 
x**, y«* and 2*4 denote the coordinates of the 
same image point in the newly rotated system. 
The following equations can be derived from 
figure 2- 13(b): 

a *<*+ cos fa + 1^ sin fa 

(2.26) 

z m = -jf^ uafa-i-z^, cos fa. 


(a) 


x = x 

0 b) 


(b) 



(c) 



Figure 2-12. The rotations defined by the ot-fax 
sequence. 


i 1 ! 

i •; i 
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<8s)$g e<,Uati0n8 i2 U) int ° e<luations 

*° ~ cos & + ^ sin ^ 
J. = sin & $in a* + cos 

- cos <h &mait (2.27) 

and 

Ip = sin <fc cos + y^ s i n <^ 
+ z** cos ^ cos fr). 
Finally, introduce a #e-rotation about the 2 
axis as shown in figure 2~I2c, and let * " I 

point m the newly rotated system.. The following 
equations can be derived from figur^ 
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and 


- cos K t - y ^ sin Ki 
" sin k, + cos icj 


z A - axis 


a) 



+ z - axis 


+ * - axis 


b) 



- **** 


SS. 2 ' 13 ' PlanC about axis of 


SSEfi thesc equations into 

■ cos 4 cos k { - ^ ^ ^ ^ 
+ sin tpf. 
% = (cos « sin <fc sin + sin * cos ^> 
+ >W(cos if, cos o, - sin * sin <fc sin «,) 
- (cos fa sin <*) ^2.2?) 

and 

= 5^ (sin sin «, - cos «, sin <fc cos a*) 
+ U (sin k, sin & cos <■* + sin iq cos *v) 

+ *um»« (COS <fr COS toj). 

In equations (2 29), y^ and ? ^ denote 

SLd^h t ?° 0rdl K na c S ° f 311 iaa * *°uit on a 
(2^«> k . pho i ogra P h ' Sln <* in practice all aerial 
t*£ot^ 

ft*, the s subscripts for these coordinates can be 
dropped without any los of generality; that is, 

% = ~ *i - x p 

Ji = JW =■ y } - y p (2.30) 

SiAstitiiting equations (2.30) into (2.29) and then 
subst,tutmg the resulting equations into 2 4) 
will yiek [the projective transformation equation 
Sin ,S %M at of t£ 

It is recalled that the following assumptions 
were made in the above derivation: (1) 

are both nght-handed; (2) the sequence of 
angular rotaUons is *>, * where Jfc the fir* 
rotation and ,s about the X axis; (3) the x v * 
c^>rd,nate S refer to a contact print of a pW 
graph (diaposinve with emulsion upward; and 

2L^"u Ual '? S a VerticaI or "ear-vertical 
Photograph as though looking downward from 
an airplane. But one is reminded that theS 
assumptions do not always apply: (1) in certain 
European systems the geoStic^SC 

te tTnJ^ '* ***** P > « ^ no 
be the first of the sequence of rotations* (3) 
where glass plates are used in a Tamera 
measurements are usually made on the oriS 
negative instead of the dispositive, and ifae^ 

!inf ?? P atlOD instrument like the Kelsh 
tt fd u d,apos ! l tlves ™y ^ printed through 

contact i? S F rt ai ? d - hC C T U,si ° DS «<* S 
' L ) f ° F ho ™ nta » (terrestrial) photo- 

f tCrmS arC defitted *>y con- 

^^nowfcal work the camera 
looks upward instead of downward; and (?) 
the measuring comparator may impose arbitrary 
c^nsidera^ons with regard to thfdes£S 
of the x and y axes and the plus and minus 
directions (Rosenfield 1»59) 
r.^ C S ? bjeCl of coordin ation of the various 
rotational systems was the basis for a resolution 
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adopted by the International Congress on 
Photogrammetry which met in Stockholm in 
1956. The ideas of the resolution are expressed 
by Schermerhorn (1955). 

The right-handed system adopted has the 
Z axis downward and the X axis to the right; 
the position of the Y axis is thus predetermined. 
The Stockholm system is equivalent to the 
geodetic coordinate system of many European 
countries: X north, Y east, and Z downward. 

In the United States, the geodetic coordinate 
system upon which surveying and mapping is 
based regards the Z axis as upward, the X 
axis to the East, and Y axis to the North* This 
is also a right-handed system. Again, in this 
country, the survey (azimuth) and navigation 
angles are measured clockwise for the positive 
direction. Thus, the basis for the recommenda- 
tion of the Stockholm resolution can be adopted 
in this country by assuming a photogrammetric 
system based on our geodetic system. 

It is readily seen that the two systems are 
the same in abstract space and the formula for 
any rotation about a given axis in either system 
would therefore be the same. 

2.2.3.2.4 Tilt, Swing and Azimuth 

The orientation of a photograph can also be 
defined by the three rotation angles tilt (f), 
swing (5) and azimuth (a), which are illustrated 
in figure 2-14* The tilt angle (r) is measured in 
the principle plane from the optical axis of the 
camera to the plumb line and always has a posi- 
tive sign. The direction of tilt with respect to 
the photographic axes is defined by the swing 
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which is measured clockwise from 
positive y-axis of the photograph to the 
part of the principal line which passes 
through the nadir point («). The direction of 
tilt with respect to the ground reference co- 
ordinate system (X f Y r Z) is defined by the 
azimuth angle (a), which is measured hi the X- Y 
clockwise from the positive Y axis to the 
projection of the principal line on the X-Y 


elements m t {s in projective transforma- 
e equations (2.22) may be expressed in terms 

and a as follows; 
0„ = - cos S cos a - sin S cos t sin a 


m „ « — sin a sin / 

m tt = cos S sin cr — sin S cos / cos a 

m n = - sin S sin a - cos S cos I cos a (2.31) 


tftm 


cos a sin t 


Figure 2-14. Rotation angles till (±), swing (5) and 
azimuth (a). 


m n = - cos 5 sin/ 


A major disadvantage of this system of defin- 
ing orientation is that it breaks down for the 
ideal aerial photograph which is truly vertical. 
When there is no tilt, the two planes are either 
parallel or coincident, and there is no line of 
intersection (or principal line); thus, the angles 
of swing and azimuth are undefined. 

2.2.3.2.5 Terrestrial Photogrammetry 

In terrestrial photogrammetry, the orientation 
of the photograph can often be more conven- 
iently described by the three rotation angles 
omega (*>), alpha (a), and kappa (k) which are 
illustrated in figure 2-15. Omega is a rotation 
about the X-axis of the photo-coordinate 
system and is measured positive in the counter- 
clockwise direction. Alpha (a) is a rotation about 
the y-axis of the photo-coordinate system and is 
measured positive in the clockwise direction. 
Kappa (k) is a rotation about the z-axis and is 
measured positive in the counter-clockwise 
direction. When a> - a = k = 0, the x — z plane 
is parallel to the X-Y plane and the z-axis 
is parallel to the y-axis but points in the opposite 
direction. The ground coordinate system is com- 
monly defined so that the Z-axis is the local 
vertical and the K-axis points in the direction 
of true north. Then, the alpha (a) angle is the 
horizontal azimuth of the optical axis measured 
clockwise from true north; and the omega (») 
angle measures the tilt angle of the optical axis 
with respect to the horizontal plane. 

The elements m u 's in projective transforma- 
tion equations (2.22) may be expressed in terms 
of (o, cr and k as follows: 

wi„ = cos tit cos. X 

m it — —sin w sin * - cos <u sin « cos k 
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Figure 2-15. Exterior orientation elements of a terrestrial camera. 


m,3- cos w sin k - sin u sin a cos x 
"hi m -cos a sin k 

««* = - sin o) cos k + cos a sin a sin k (2.32) 
m„ = cos «> cos K + sin a> gin a sin k 
m,, = -sin a 
">it ~ —cos at cos a 
"to = —sin u cos a. 

The sequence of rotations used in deriving the 
above expressions is as follows: ^rotation first 
a-rotation second, and K-rotation last. 

2.2.3.3 Relative Orientation 
Relative orientation is the determination of 
t*e relative position and attitude of the two 

to each other. Th e p rirnary of 

thZT? " tC ° rient two Pno«08raphs so 
that each corresponding pair of rays from the 
two plwtographs intersect in space. This condi- 
hon mi. achieved at the completion of relative 
operat.on only if the optical lens system in both 
the camera and the projector of the stereoplotter 
are distortionless, the light rays truly travel 
ui straight lines through the atmosphere, and if 
no geometric distortion is introduced into the 
Photographic , mage during the photographic 
processing. Th ese conditions are rarely satisfied 
in practice, and usually the corresponding pair 
of rays from the two photographVcanSot be 


all made to intersect exactly in space. The 
objective of relative orientation is then to orient 
the two photographs so that the condition of 
intersection is as nearly achieved as possible. . 

2.2.3.3,1 Geometric Conditions 
for Relative Orientation 

Assuming the absence of geometric distor- 
tions caused by various sources, the relative 
orientation of a stereoscopic pair of photographs 
is accomplished by making five pairs of rays 
mtersect That is it f wc ^ q( ^ 8 ^ 

then every pw 0 f rays in the two bundles wiO 
intersect. Figure 2-16 shows the general u£5S 
oT the ax pairs of rays that are universally use d 
for performing relative orientation in a stereo- 

£d^ r FiVe J f th . e Six paira are absolutely 
needed for performmg relative orientation, and 
the, sixth pair is used for checking purposes 
Jhv geometric condition wiU becomi obvious 
from examination of the Coplanarity equation 
which wiU be derived in section 2.2.3.3.3. 

2.2.3.3.2 Mathematical Definition 

Let X L y t and Z t be the object space coor- 
dinates of the exposure centered l L . 
^ be the rotat,on angles of the left photograph 
These six parameters then define the exterior 
orientation of the left photograph. «£5£ 
~ . 4> K and k,, be the exterior 

onentauo. parameters of the right photograph- 
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Figure 2-16. Geometric conditions for relative 
orientation. 


Then mathematically speaking, a stereoscopic 
pair of photographs is said to be relatively 
oriented with respect to each other if the fol- 
lowing five parameters are known: (Y R - Y L ) y 
(Zn ~ A), (a* - a> t )> (<fc - (*« - tc t \ 

These parameters are illustrated in figure 2-16. 
It is assumed here that the ^T-axis is approxi- 
mately along the direction of flight. The separa- 
tion of the two photographs along the A'-directio^i, 
X B - X lf controls the scale of the model and 
not a parameter of relative orientation. 

2.2.3,3.3 COPLANARITY EQUATION 

In figure 2-17, denotes the vector whidh 
originates from the exposure center (0 { ) of tl e 
left photo, passes through image point a h arid 



ends at point a in the object space. Similarly, 
denotes the vector from the right exposure 
center (Oj) to the same, point a. The vector B 
extends from O t to O i: _ Then, Jhe conditions 
that the two vectors, A, and A,, intersect in 
space is expressed by the following equation: 

(A,XA,)-B=0. (2.33) 

From figure 2.17, the vector X, may be ex- 
pressed in terms of its components as follows: 

A, = iX a - {Y a - Y\)l + <Za -Zffri. 

(2.34) 

From the projective transformation equation 
(2.22), 

x a -x* t = \,[/rt n Cri - x,) + '"bi Oi'- y») +■ m si (-/)3 

Y 9 - 1^^ X,[m n (ri -Jr„)+i»»(y, -yj +m„ 

(2.35) 

and 

Z Q - Z| = X, [m I3 (*, - x p ) + m„ (y, - y>) + m tt <-/)] 

where the m,/s are functions of the rotation 
angles <*> h <k and tq of photo /; x p and y v are 
photo-coordinates of the principal point; x t 
and y, are photo-coordinates of the image point 
a } ; and A, is a scale factor. 

Let 

ui = m u Cri - x„) + m», (y, - y,) + m ai (-/-); 
v* = ™.i Cri - *„) + m„ (y ( - y,) + ™„ <-/); 

(2.36) 

and 

w, ^ /n„ (x, - x p ) + m„ (yi - y p ) + (-/). 
Then Equation (2,35) may be written as 
X„ - X t i = X, u, 


K, - n - A, V, 


(2J7) 


.and 


Figure 2-17. Condition of coplanarity. 


z t - £ x - * w f . 

Substituting Equation (2.37) into (2.34) yields 

A, = A, UiT+ a, v ( j + A ( w t k. (2.38) 

A similar equation can be derived for the vector 
Aj from the right photograph: 

A J = A 1 u,T+A > v J j + A^Wjk. (2.39) 

Furthermore, the following expression for vec- 
tor B can be derived directly from figure 2, 17: 

B-<ij-^)T + (yJ- + (2j-^k. 

(2.40) 

The coplanarity condition stated in equation 
(2.33) is then satisfied if the determinant 

«-^) (V, - >1) 

/i f v t w ( 

>J w / 

That is, 

(*5 -^)(v,.w J -v J w 1 ) + (y;- rlKujWi- u ( w,) 
+ (Zj - 2f t ) {u, - u, \ t ) = 0 (2.42) 


(2.41) 


i'1 
> i 

t | 
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which is commonly Icnowti as the coplanarity 
equation. There arc twelve parameters in the 
Equation: *1 , ! ^ 2^ ^ J£^ t afr^:**. 

<fe atfd #c,. The problem of relative oncritatibd 
only reqtmes the solution of the five differential 
parameter* (>$ - H);'(Zj^^) ( c^U^w 
<f*t) and (x. Therefore, arbitrary values 

can be assigned to the parameters A^ f ^, 2f h 
a*. <fo and;?;, and then t -tjhe only unknowns 
to be solved m a relative orientatioTi problem 
will be Y], 2$, o H <fc and*,. Each pair of rays 
for which the image coordinates x h y iP x s and 
yj'-jpve been measured gives rise to one copla- 
narity equation, thus five pairs of rajte would 
yield five equations which are the minimum 
required to solve, for the five unknowns of 
relative orientation. Of course, equation (2.42) 
is non-linear and must first b? linearized be- 


fore it can be used for solution. In addition, 
when more than, five pairs of image; coordinates 
are measure^ ;th^ method of leasts squares may 
be used to determine the, most probable solu- 
tion. The methods of imearization !of equations 
and least squares will be discussed in section 
2.5. • ; \ .•' 

2.2.3.4 Absolute Orientation 
After relative orientation iV accomplished, the 
stereo model must be scaleHi translated and 
leveled with .respect to a ground reference 
coordinate system,. The process of orienting, a 
stereo-model into an absolute reference system 
is called absolute orientation Mathematically, 
the problem may be defined simply as a problem 
of coordinate transformation. Referring to figure 
2-18, let x h y> and ij represent the ^ coordinatei 


° ( VVV 



Figure 2-18. Absolute orientation. 
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of point y in the model coordinate system, and 
let X;, Y s and l } be the coordinates of the same 
point in the ground reference system. Then the 
relationship between the model coordinates 
{*t\ y> and z } ) and the "ground coordinates 
(X jf Y) and Z } ) may be expressed by the projec- 
tive transformation equations derived in section 
2.2.3.2.3; U. 

~* X* a X [m tl x t + m n yj ■+ m n z t ] 

Y s - r. - X {«„ x, + mu y s + m,, (143) 

Zj ~ -Z, = X [m (J x}' m tt + m w 

in which 

m n = cos4> cosX 

"' « cos w* sin K + sin W sin * cos K 

m x% - sin W sin-JT-— cos W.siiL<J>cas K 

m tt = -cos <P sin K ' ■ * ; • { . : • _ 

^a-cosWK cos X -sinVf skvstoX (2.44) 

m M - sin W cos X +.cos W sin 4> sin it 

-M.jw,, = sin 4> 

m tt = — sin W cos <& ; 

m a * ° cos W cos tfC 

T^e tiansforn^tion, parameters include a scale 
factor (XX, thrw translatipn parameters (# 0 , J ot 
and Z^) and three rotation parameters (W t 4> 
and JC). Each control point; for which the 
ground coordinates are Jcnown, gives rise to 
three Equations when its model coordinates are 
measured. Thus, a minimum. <if three control 
joints inv the model area will be needed to 
perform the absolute orientation. Again, equa- 
tion .(2;43) must be linearized .before - it can be 
used in the solution for the absolute orientation 
parameters and the method of least squares may 
also be used. 

• ;^h^;^rocetfure for performing absolute 
oft&fat&n in a rs^&j^btter will be discussed 
ui cl^ v • 

•S.2-4 GEOMETRICAL SOLUTIONS 
' ' ' TOSOi&E 
PHOTOGRAMMETRIC PROBLEMS 

Pbotogrammetric methods are commonly 
ysj&d4p;inap the topography of the terrain, size 
^LsJiape of objects as well as the precise loca>- 
tipn , oi-discrete : points in an object space. The 
^^PPy ??vi precision of the measurements 
^1^^ -pn the quality of the hardware and 
spft^ar^ u ? ed in both data collection (such as 
Phonography) and data reduction. Photogram- 
J*e>&ic cameras of outstanding geometric fidelity 
^ v ^;^n developed for both aerial and ter- 
^u^^^^P m S projects. Mono- and stereo- 
~^H*?%s f haying a precision in the order of 
Mm are commonly available, and rigorous 
&fc n RMfct» softwares have been developed for 
a ^^9fl aerotriangulation yielding a precision 
that of first-order geodetic surveys. 


Fully automated stercpplotting instruments 
of high precision have been used in routine 
production for many years. Detailed dicussions 
on these hardwares and softwares will be pre- 
sented in later chapters in this manual. It will 
suffice to state here that the types of instru- 
ments and the data reduction procedures to be 
used in a given project situation depends largely 
on the accuracy that is required. This section 
will present a few computational methods that 
are derived from simple geometric principles 
and which have been commonly used in appli- 
cations where high-order of accuracy of 
measurement is not required. ■ . 

2.2.4.1 Stereoscopic Parallax 
and Elevations 

The stereoscopic parallax of a point A which 
is imaged in the overlap area of a stereoscopic 
pair of photographs is defined as the difference 
in the x-components of distances in the two 
photographs which are measured from the prin- 
cipal point to the image point A. Because 
stereoscopic parallax is measured along the x- 
axis which is in the direction of flight of the 
aircraft, it is commonly referred to as jr- parallax. 
In a given paar of vertical aerial photographs, 
the difference in parallax or parallax daTerence 
between two image points is directly related, to 
the difference in elevations of the two points on 
the ground. .' . /. . 

In figure 2-1% two truly vertical photographs 
of equal focal length. / arc shown a distance 
OO' = B apart and at an altitude H above a 
horizontal reference plane. An object A has 
an elevation h and images of A occur at a on 
the left photograph arid at a' on the right one. 
An x axis is adopted on each photograph parallel 
to GO'/ and n and n' are both the principal 
points and uadir points of the respective photo- 
graphs. 'The ordinates aa , and a' a , ' are per- 
pendicular to the x axis. Triangle 00'A 1 is in 
the vertical plane that contains the two per- 
spective centers (camera stations), AA , is per- 
peridicular to plane OO'A ,, and the elevation of 
A, is also hi The absolute stereoscopic parallax 
of A is defined as the algebraic difference of the 
absissas Via i arid n'tf/: ;•; 

The parameters in the above equation are illus- 
trated graphically in the smaller figure which is 
composed of triangle Oa ,n of the left photograph 
and triangle 0'a t f n > of the night one. It can 
be shown by similar triangles that 


i 


H - h 


*>= H - 


Bf 


(2.45) 


It is to be noted that the derivation of these 
equations is based on (1) utihed photographs, 


Nov 


14 2005 3:27PM HP LRSER JET FAX 


p. 14 


244 


MANUAL 1 OF? PHOTOC SYMMETRY 



Bufc 

Crcfins 
Time 

FpcoT Let* 

FbfBkat 

Stutter 

Shutter 
Speed 


Fam 
Mas. 

mi 

J ' 

KA-63_A. 

t ;,Eby vert. Frame . .;. 
Nighl vert 

3 k?- per 
cycle 

58 mm 04^ 
80 urn 175 j6 

e ,m& 

2.25* x 9.45* 
2.23* K 9. 45* 
2.2T x 4.5* 

14-oeT 

WOO- . . . ." 
U1.0OO 
or 1/2,000 
Ua&Sct 

/ 60 

LJW64A 


KA/68A 

■Day Rocon IVvoofftfO'. 

1 to 6 per 

Bfcgon 

4:r x 9** 

Vor. att " 

ctF. phut 

1/92.5- 

V5,0WI 

90 

Cxnette 

site 

KA-74A 

Day aeconRwie 

NEght 

Recce 

l,2or4yB 
I or 2 ft 

«* 02* 

4,T K15' 

Real 
Flaae 

. mono, 
iojooo 

37 

LA-3S4A 

r 

KA-76A 

Day- Night Fraroc 
ReooD ' ^ 

6 per sec • 

e7 G2J 

r. , w.5 
ir ijj 



1/60- 
1/5.000 

52,5 
51.75 
58 25 
ffl.5 

.LA-414A 
Cassette 


KA-82A 

D*y RecjanPuuttam 

10 sec/cycle 
, outney. 

IT : ' C3 J 

4J-X29J" 

Focal 
Rue 

1/30- 
1/12/JOO 

216.7 

LAM18A 
Ossette 

r 

KA-S8A 

Day ReconPcMBit ^ 


24* CT.O 

9»xy 

Aca! 
Ftsoc 

t/300, 1/1,000 135 
1/2JD00 




are measured; and the data reduced from mea-- 
surements provide the elements of interior 
orientation. Many physical controls are essen- 
tial. 

(2) To clamp a master grid at the focal plane and to 
^ measure the observed angles in object space, a 

visual or photogomometer techniqoc. The dis- 
■ tortion is computed from the focal length and 

the difference between the image and object an- 

glc8 - 

Whichever of the many variations of these two 
methods is employed, the physicist is concerned 
with the design, maintenance, and accuracy of 
sensitive precision equipment and the use of 
evaluation techniques which are substantially 
free of error. . 

Ine are 
then reported in a camexa calibration certificate 
with tables and graphs. 

4.». til Definitions ^ 

In accordance with recommendations from 
trie lhternatipnai Society of Photogrammetry 
(ISP), the word "measured" is being used to 
stop the confusion between image position error, 
as found in practice, and distortion, the aberra- 
tion calculated by the lens designer. The latter is 
afw-ays symmetrical and has no tangential com- 
ponent. The ISP recommends use of the word 
4 'best 1 \ in principal point of best symmetry to 
emphasize that perfect symmetry is not obtaina- 
ble, and further that choice of the point depends 
on the mtenjretation of "best." 

All characteristics that affect the geometry of 
the photograph are calibrated. These are here 
termed elements of interior orientation (see also 
chapter II) r and, depending on the quality of the 
camera, may include the following: {see figure 
4-45). 


Equivalent Food length (B FL) 
da 


EFL = 


tana 


(4.19) | 


with toe reasonable assumption that there is no 
distortion at the small angles, da is the average 
distance between the images of the., center 


RADIAL DISTORT I OK 


Crois sactloa of 
light beoa fn 
£ collimator, 
otoor colli 
tori Bi v* 

n*n 

bUM 



lotc thot 00)7.1*0 
trtoclpol royoiro 
shorn for tot 
ttrttor *04<co111- 
no tort. 


Light fro* f 
co1H»otor*. 


Off.fcUt 0 
Co U 1m* tor 


LI jilt fro* coaler 
col Mooter 

Figure 4-45. Effective focal length and radial distor- 
tion. This drawing explains the geometry. Using 
known angles in object space, usually 7.5° or less, and 
the measured distance between the images, the effec- 
tive focal length is a computed value. bd B is the 
radial distortion. 
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w Current Use (1978)— Continued 
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target ami that of a smaD off-axis image, usually : 
7.5° or less for a wide-angle mapping lens, a H 
the angle in object space. 
Average Radial Measured Distortion: When the 
incident ray from an off-axis object is deviated 
while traversing the Lens so that the distance d n 
between the center and off-axis images, 4 B * 
EFL tas 3/ but 


d B = EFL tan B ± Ad* 


(4.20> 


f.;; 


. . . * Ad B n the radial tfistoiion/bebg negative 
when tfce image Gi&tipw^ tftcn, EFL tanS 
and positive when gtcafcr. When there are sev- 
eral images for similar angular targets, they are 
?Y«*B?4» Distortion is plotted in micrometres 
as a fimctipa of ima^e distance in millimetres, 
r ox in ricronp^ <fi*g- 

t^ie yariatipn from the average value. 
Pirated Focal L?n^ (CFt) ' 

- •• : ;cfl ;= i'4f (4.21) 

When^ the EFL ia adjusted by adding; or sub- 
traetinrA/ to EFl^/ta provide a preferred bal- 
ance of the measured distortion curve; usually 
balancing positive and negative peaks ox ob- 
■ taining a least squares balance; the adjusted 
value is termed the calibrated focal length and 
is used in Optical prp)eetidn systems and/or for 
matheinatkal correcdons^ ; ; ■ ^ 
Tangential Measured Distortion is a displace- 
ment of the image perpendicular to a straight 
radial line from the Jens axis, and* similarly to 
radial distortion, is measured in the image 
plane. It is a manufacturing em* which can be 
'minimized by precise centering of lens ele- 
ments and their selected azimuth rotations. 
Principal Point of Best Symmetry <see second 
edition "Manual or Ph otoc rammetrv , * * 
Camera Calibration^ SeweH). A point b selected 
which reduces the asymmetry of the distortion 
to a minimum- 


- FKfacUl Center or Indicated: Principal Point 
(IPP). If imaginary lines are dn*wii between op- 
- poauj fiducials as between ^ and J? and its ap- 
proximately perpendicular pair C £i& D p the 
crossing of the imaginary tines defines the fidu- 
cial center, abo termed, the lndjca^ Wac^»l 
; I^ank. A*. $£fercnt design feature* corner fidu- 
cial* Such as £-F and G-ff. Fidudals must be 
small and clearly defined so that the ceBter can 
be located within a few micrometres. Note thai 
; there is no agreement on bbeling Gduc iah (&e 

■^ure4^;/ ^/ .,. w 

Angle between the the^^cal llnfes tfriwn be- 
tween: opposite fiducials: TmVaiigte is mea- 
sured during the calibration tests and is usually 
required to -deviate less than onc-ininute-of-arc 

: from 90V ■ . 

> Distance between opposite, fidocktei = In the 
photographic techniques of ^j%jrje^9^^^cs^tib}^^^D 

i^tiS'ffltiSWiifc -recorde^^^pi^^ 
coated glass^plates ^ 
posed m ^ 

measure^ distances {A to ^ and C ^^^jj to 
F and G to^f; or both) W ieportedm the cal 
bration certificate. ■■■ ■■ . ' ■■y£- '" J ^: ■ 

Principal VoisA of Autocc41imation jpMSi^^e 
PPA is O^e lbcation at which the ^iagS of the 
zero degree collimator target is ricked when 
ithe focal plane of the camera isipo^t^cd pre- 
f cisely perpendinilar to the^rectTiy from that 
target The location of the Pr^Ais i*leT^n^d to 

the IPP. V - 

Cbordinate System of Fiducials. Wherithe po- 
sib'bns of trteliducials are reported witbrespect 
to a coordinate system; the geometry provides 
a^better control: In one such case-the' ^fidocial 
center becomes the origin, the A^B lme being 
coincident with the r-axts. A tiwdretical line 
perpendicular to the taxi's and intersecting the 
IFP is then the y-axis. The remaining fiducials 
are referenced to this coordinate system. Other 
; arraiigcmeilts are also used, 
Vacuum Platen Contour. When the mapping 
camera is equipped with vacuum to bold the 
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FtGtrifle 4-46- Radial distortion cuive and ^iivdope. 


7 


film ia contact with the magazine platen during 
exposure, ft is necessary that the contour of the 
platen follow the iateoded foc^il plane of the 
lens so that distortion is not introduced into the 
photograph. Jn roost cases, the fixai plane of 
the lens is flat and measurements of the platen 
are made to show significant deviations. Users 
; can then choose to correct thtse biases 

: •; mtHmti&diy. : / Vi ^.:v.:. : , v ;-.- 

• Reseau Measnjenjeuts. there are ; various paifc 
tera afm points or 

. cnKseion the film during exposure. Their pri- 
v: iinary purpose is to provide control for film di- 
^Vtnonsv SVbea tfce reseau is fixed with re- 
spect to the tens, it may abo substitute for the 
fidocials, certain reseau marks being selected 
few which to locate the Mttaai center, the line 
of ffigW/thc point of best symmetry, sad other 
con^ points. Reseau pomtB should be mea- 
: snred directly or from rec m d in gs oft; emuhion- 
coated plates positioned, at the focal plane to 
assure accuracy . 

Resolution and Optical Transfer Functions, 
. These are the two best known arid most used 
criteria of image quality. A static test will show 
the quality of the focus while a dynamic test, 
camera and magazine operational, will show 
the ouaHty of focus m conjunction with the fibn 
handling characteristics, a measure of opera- 
tional miage quality. Either test may be re- 
ported in the camera caHbration certificate. 
Radial Distortion Polynomial. A polynomial of 


three or faw terms may be determined using 
the meaktred values distor- 
tion. Ifcfe is repbrted m tlrf form: ; 

At - ar + br* + cr* + dfir* + .. \ . (4.22) 

Where the rV are average radial image dis- 
tances in iniUupetres and : 6r isin mcrbmetres. 

>^tharto 
and ghres best results ^en referenced to the 
Pwjrt of BeSt Symmetry. lii^^ynihr^et- 
encelb 1M ;PrMKapal JPiwnt of Au^Bmiation, 
the asyrnmctrVs wi8 be larger in accordance as 
the distance between the two points increases, 
p. Tangential Distortion Polynomial. A two- or 
three-term poiynoDHai for tangential distortion 
may also be derived, but symmetry exists only 
along each separate diagonal of the format. 
Along this diagonal the distortion, increases 
with the distance from the center. This is not an 
aberration pecufiar to design,, but the result of 
decentering of the optical elementsof which the 
lens is composed. H is possible Tor a camera to 
acquire tangential distortion if a perfect lens is 
subject to small lateral forces which disturb the 
cottoearity of the dements. The^ucafly, there 
is a diameter of the focal plane along which the 
tangential distortion is zero, and the diameter 
perpendicular to it along which the distortion is 
maximum, r . 

When cameras are calibrated on a muhicai- 
hmator, the tangential distortion can be mea- 
sured directly along any diagonal. The 
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ted using 
3l dsstor- 

• V (4.22) 

iage dis*. 
Mfictres. 
3 metrical 
*d to the 
iih refer- 
lynation, 
dance as 
creases, 
two- or 
Ustortion 
lists only 
t format, 
ncreases 
is not an 
result cf 
virichthe 
ainerato 
ct lens is 
sturb the 
By, there 
vhich the 
diameter 
tortkra is 

murticol- 
be mea- 
tal. The 


, THCpit^DCAL UKES.t5RAWfl 
• B£TVVEEM OF*OSIT£ >IDUCiAL3 


drtwix. between . 
9(r ± A 4 



'* Tt* camera b loceted Ifi tHe &tiraft sOc* that in* ' " ' 

. ■ repttnpufar coordinate systert) to «c^rwnaod^f Tlift * * 
. fiducial oen&^yp&bg b<f Wuciai Bnea.te th» oHjjn. 
- JtB.to colocictent WftK theX-Axte. ' ■ " 

'x:.:v : :.:;^:: ; ;. 

Figure . 4-47., Facial center or intHc^ed prmcipal 
point. A rec*at*#*!ar ! ^r^^ wptem. . . 


maxinwn) radius, vector cab tben be computed 
*.'■[ ifrgm tl>e df^ta from fhe two diiigonah. Washer 
( 1957) employ e d as^ mm etric ra oM ' liiea- 
surements When he investigated tafagtri|aal 
- "v disiortibi; Using a thin prism as a nfibilel,* he 
computed the position of a principal point and 
the wedge angle of the prism . This was reported 
in the Bureau of Staadanls Gamera Ga^jration 
Certificate for many years, during which time 
. mainrfacnirer? . of cartographic lenses devei- 
: . ; : PI»4 ^chqojqties .which greatly reduced Ump 
^'pen^t^ ; eiTor v .^ :.-.-./*■ -.^.^ 
Brown also jnv'c stigated this error, rettinklnj; 
■ '%<> :fte early v^tingsiif Conrcfdy (1^19): The 
equations he uses are apphcaWe to aO iypes of 
1 - camera: cahbrauoh and are given iu section 
4.8.8.2. ■ •••• • ■,.^y : ..,;v.v ,■. : , 

4,8. 1,2, Ca ti.BlUTION OF (iMPARATOJtS 

: Measurements \ of images on spectroscopic 
plates or ftrm arc usually made with, a two- 
coordinate comparator. A master grid which ap- 
proximately equals the working area of the two 
ways is then employed to calibrate the com- 
parator. The area of the mastergrid should be 
larger than the 23 cm x 23 cm square platens of 
the majority of mappiiig cameras employed. The 
standard should also provide means of measure 
big the oirthbgonaltty of the ways. An operator 
observes the grid points through the comparator 
microscope and -selects the measuring value. 
The firfial values are compared with the standard. 

Bach laboratory has its preferred sequence of 
reading the coordinates of the grid, the number 
of repeated readings, and the reading pattern. 


J^ta^etfedo^^ 

least squares program^ until a . jbg&fitt^tiie<grid 
is obtained, or until a patter^o^ierroraVsuJtfeces . 
Corrections can then-be made either by adjusting 
the cprnjiaratorr by wnrecting the- measured 
numbers;, .t A. . • 

: Temperature control of a comparator is es- 
sential in ordec to obtain reliable measurements; 
An exampk of such cw^lis the constant bath- 
ing of the lead screw of a Mann comparator 
with cooled oil. The comparator remains accu- 
rate daring long hours of use because the tem- 
perature is kept constant v : i. 

-There are other types of visual comparators 
which do; not jsmplby screws vbut the- same prinr 
ciples of calibration and environmental control 
apply; : ■■ : -' , ^..\v' ,, '" ,i ■ 
: 'Some automatic comparators use /photoelec- 
tric settings. The large rnacbdne sh 
4-48 may be used in ehhera tnanual or automatic 

mode. :;;■••:■.•.=.= -■.:"■■>•• 


. . 4.8,2 HICTORY 

" Cameras were jfirs^ caj^rjated in the ^i^s 
using visual te^mques;. TliepoNolites miiie ac- 
^jp>ta|>Iy-'. 4^cuiiat4ft* " Qci^MU^eaient s <>f J^rroV? 
angjjc lenses ^hfle; $pwi&ferB % Were used for 
wide-angle lenses. _1^1^|Qi/.tli^.4Wja4t|^. of, .©b : 
b^nce riiipa of the : Jl&sL k«s or c^i' : fs; jij^^- 
maie^'c^ini^nt^^f trie /mtatiud ;^s y ^pfe' 
^mom^ter, aixnra^ 
be obtained with mpnw 
Tihe.'sun, howeyerV is.tte 
far wrijail/ iurye^^ag, m^Jdig^,^ 

It is>xireiEn^ 

tun? wide angk mapping lenses coverinig a 4^000 



Figure 4-48. Mann Type 2405 Antomatic Prec^ion 
Comparator. This hdigh precisioo ; ;"e^^pa?«tCf:iSiii«ed 
chiefly for rneasureinerrt of the Z and 7 coordinate 
positions of syTnrx^|Wca} iinaeea, aa f<v j^tar^Vrtars, 
Selection of image ^mxm ^B man^ or pbcioeleetrie 
using closed loop feedback serves. The environment is 
« erf- c onto ined, regulating temperature , du at and 
humidity within normal level* for accurate measure- 
ment . 


258 


MANUAL OF PHGTOGRAMMETRY 


- Qt|e .of the most recent procedure^ for cali- 
bration pf the "system ; 9 } termed *he Method of 
Mixed Ranges (MMR) Was invented by Mer- 
chant (1974) The method utilizes a*hree- 
dimensional control range (mountains), and a 
conventional flat orange, in ^an adjustme«t in 
which the elements of interior orientation are 
carried as common parameters for all exposures. 
The use of the three-dimensional range tor sup- 
pressing high correlations i between certain ele- 
ments of interior and exterior orientation is 
thought to be unique for the normal aerial case. 
The author 1 notes that the advantages of the 
MMR procedure is that no modification to the 
total "sygtem'-*,is required, other than the choiee 
of the conditional function which includes the 
parameters of interior orientation. 

Merchant's. eQDcernjsjwithlthe calibration of 
tbe^total -systero.v With the introduction of re- 
seau cameras, he notes a signifjcant improve- 
ment hm resulted in ■ film-dimension corrections 
and the calibration procedures may now be ex«- 
panded into closer conformance to the concept 
of "system'* calibration. 

Ahculete antf ttsconescu ( 19767; Romania, 
report a nearly similar method, calling the cali- 
bration a "methodology used under normal work 
conditions: r -Tlie:control points on flat and high 
ground are again; used. Good results in testing 
and: calibration are claimed. - 

4,8.5.4.3 U;S O.Si Mod^L-^a^ess J^st ' 

Before the U;S. Geological Survey awards a 
contract for aerial photography to a successful 
bidder, the camera; to be used must pass a 
rnodel-flat ness test to insure that stereomodel 
distortion does not exceed 1/5000 the flight 
height. In the testing, the U.S.G.S. camera 
calibrator is used to take photographs on film, 
simulating; aerial photographs. Fifteen of the 
collimators are set so that a stereomodel can be 
formed by using one photograph as the left plate 
of a stereopair and the second photograph as the 
right > conjugate plate (figure 4r57). The stereo 
model so formed contains nine points (images of 
collimator targets) that would all lie in a plane if 
errors were not present (figure 4-58). Because 
errors are present, the nine points appear to lie 
in different planes. From measured plate coordi- 
nates of the images, U.S. Geological Suryey first 
calculates the; translations and rotations neces- 
sary to make the coordinate system of the right- 
hand photograph parallel to that of the left-hand 
coordinate system with its origin the length of 
the air base from the origin of the left-hand 
photograph's coordinate system. A plane is then 
fitted by least-squares to the nine points in the 
stereoscopic model, and the difference between 
the measured z-coordinate and the correspond- 
ing z-coordinate on the plane calculated. If any 
of the nine differences exceed 1/5000 of the focal 
length of the camera, that camera is rejected. 



Figure 4-57/ A stereo pair of camera- calibrator 
plates containing nine: conjugate points: v ' ! 

4.8.5.5 C A L IB fcATlON OF CLOSE-RANGE 

: - Cameras } " v? 

I? contrast to 'aerial cameras, for .'w^jjeh 
laboratory .aid field calibration procedures ^ye 
remained the same over the years and for wiucb 
standard procedures have been recommended, 
no, standard ca^bration procedure's eiist for 
close-range cameras; Another major difference 
between these types of cameras is that both met- 
ric and nonmetric cameras are usedj in , closer 


z 



Figure 4-58. Geometric relation between the air baie 
of a stereopair, two rays through corresiwnduig ^ im- 
ages, and a vector perpendicular to the two rays. 
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Figure 4-5$. In order, to form a stereomodel at photo- 
graph scale, the magnitude of the air base B i* com- 
jtoteU as the a^tancie at photograph scat trim the 
center target bf the left photograph to the oofenbost 
target along the flight Hne. This outermost target cor- 
responds to tiw center target on the coirjugate phot^ 
graph. : : -; : " : : '■■ i'-'-.'^r ■ : ■;'■}/■. ■'■):/■ 


raogc:phot<^yammetry;Ia truest cases; 
eal= ^laboratory :;.mctb'o4$--ttnvo]ying ; -tti^ 
goniometers, collimators j moirjcQilv»atpi 
arc not suitable for clos^rarige camera c) 
tion since such cameras: are :UsuaUy fc 
f oc usable) at -= finite distances. -As a re! 
number of ingenious, approaches for calibration 
of : close-range cameras have emerged. Delud- 
ing; on the accuracy requirements: in j>boto- 
gramrnetiic measurement^, yar^us degrees of 
sophistication; can be used ^ define th^ ; interior 
orientation of close- range cameras* langing jErpm 
thfc simple classical: approach involving only the 
reconstruction of th$ position of tbe; interior 
perspective center to the highly refined analyt- 
ical solutions wherein the radial and decentering 
lens distortion s , fil m ^deformations , : alTinity as 
iwefl the variation of the lens distortion with 



ftautfE 4-60. A regression plane fitted to nine points 
*9 a stereomodel. The circles represent the intersection 
of: the^ emrTt Vectors and the regression plane. 


object dUstarice within the photographic field are 
taken into consideration, v r v=-i" 
: GalibTation is u&yally parried out in one of 
three fashions: irt thelarwatory, on the job; and 
by- self calibration. Metric carneras are ideally 
suited for laboratory calibration, Three - 
dimeirsional te^t objects ;of various kinds have, 
been: used, e.g., Abdel- Aziz & Karara (1974), 
DolUer (f97l), Faig'(1971); Majhotm-A Kama 
(1 975), Torlegard (1 9$7), Wolf £ Looincr (15175). 
The mathernancal formulation is generally based, 
on the collinearity equations. I^ve o^jecVsnace 
control points are required to solve for the 
principal point anil r^riricipal distance. With the 
inclusion of additional unknowns, the number 
of object-sptfee control points has to be,: in- 
creased, e.g., Abd el-Aziz & Karara^ (15*74), 
Fajg (t^l^ JCarara & Faig (1^), ^orfega^l 
(1967). The bask, resection approach fyj&ifQT 
telephbfeo tensfcs/ with cone, angles' .of ;? 0 or less. 
Merrirt (1975> has overcome; tms problem by 
applying the; Hartmanf method. rL . 

On-the-job calibration utflizes photography 
taken of the object and*>f th* object-space con- 
trol simultaBec«^ly. At least one AiU (&rV?) 
object-space control point should ; be: provided, 
for every two unknown quantities inolnded in 
the solution; Th e >n^ 

essentially the samp as used in laboratory cali- 
bration. Several approaches baye been reported 
in the literature on the construction: of special 
control frames ;which>mai 
coiifigurarion sufficiently well to; be used for 
control purposes, tf.g;, Bottingei ( 1972), Jtran- 
bow et at (1^75), Faig (1974), and others. 

Although npt ,eiplicitly ; ^ cahbration method, 
the Direct L bear Transformation CPLT). method 
developed at the? University of Illinois (see e.g. 
Abdel-Aziz & Karara ,1971, 1974) is generally 
regarded as an on-the-job calibration method. In. 
this method; the solution is principally ■ for the 
interior orientation of the individual images but 
the dements themselves are not pxpliciUy ob- 
tained from the solution of the equations. HThe 
DLTY ihetbod is^particnlarly suitable- for nonr 
metric photography which has no fiducials, since 
the; solution is based on the concept of direct 
transformation from comparator coordinates 
into object-space coordinates* thus bypassing 
the traditional intermediate step of transforming 
from a comparator system to a photo-coordinate: 
system. The minimum number of unknowns in 
the solution is eleven (11), but these can be in- 
creased to take into account additional un- 
knowns. The recommended mathematical rapefe! 
(Karara & Abdel-Aziz (1974)) involves 12 un- 
knowns, thus requiring a nunimum of & object- 
space control point images in the photograph. 

The setf-calibrauon approach does not require 
object-space control as such for the calibration. 
Multiple (at least 3) convergent photographs are 
taken of the object. Using the complanarity con- 
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dition equations and well-defined object .points; 
elements of interior orientation are computed for 
the camera used, assuming that the elements 
remain unchanged ^^tw r j^'^h«>tpgna|>hsi ^ This 
method is well documented in the literature, e g 
Brown (J971y 1972), Kolbl (1972)> A self- 
cahbtat ion method which permits the deterrni- 
nation of the elements of interior orientation for 
each photograph has been developed at the Uni- 
versity of New Brunswkk (Faigi 1976). This 
method is applicable to metric as well as to non- 
metric photography. :; - : 

; 4»8 3.6 Calibiu^tion of Underwater 

• v..: , CAMERAS.;. / 

: Calibration of bnderwater cameras is done 
using a multicoUimator Instrument designed by 
McNeil (1972) ^ and: simitar in principle to that 
originally developed by Washer and Case of the 
Natibh^ Buteati of Standards (1949). The dis- 
tance at Which an underwater camera can photo- 
graph an object is limited by the turbidity of the 
waters The fdcus*of each collimator must there- 
fore be easily adjustable to simulate an object 
distance from s^x feet to infmity. Like a theodo- 
lite » me adjustment must be accomplished with- 
out a change in pointing angle. The reticles of the 
collimators have s both : fiducial crosses marking 
the angle- 1 and- resolution reticles. As the object 
distances are adjusted in the collimators, the 
resolution values will change as a function of 
ratio of collimator to camera focal length. 

'• Both the calibrator and the cameras, with Well 
sealed Windows, are under water, preferably 
water of the same type and clarity as that in 
which the cameras wiD be used^e:?., sea Water 
of various clarity). Detailed mathematics and 
calibration techniques are available in a small 
book, "Optical Fundamentals of Underwater 
Photography -McNeil (1972) . 

Merritt (1974) 1 developed : a * theoretical basis 
for calibration of untferwater cameras by apply- 
ing methods for calibration of aerial cameras. 
The key to the observational procedure is to es- 
tablish coplanarity between the; water surface 
and the camera focal plane. The refraction jan- 
gles are then corrected for the air- water inter- 
face. Only the camera lens is immersed in a 
shallow pool of water. Collimators in air, below 
the pool, are pointed so that their rays, refracted 
first by the glass window of the pool and then by 
the water; are incident on the lens in the camera. 
An auto-collimator, again in air, is mounted ver- 
tically above the camera. A simple pool with a 
plane-parallel plate bottom could easily fit on an 
ihlmity-focused calibrator if a 35 or 50 mm 
underwater camera' were to be used. 

4.8.5.7 Calibration of Panoramic 
. Cameras! ' 

Panoramic cameras have * l built*hV' distor- 
tions due to the camera design. If the design is 
such that during exposure the film is held sta- 


tionary against a platen whose radius equals the 
focal length of the lens, carefully positioned fidu- 
cials can be located along the edges of the format 
to reference the geometry of the format. The. 
lens, scanning the targets of a mnlricot£mator/^| 
whose angles are known, provides the geometry : * 
of the inuiges/ S^]ti techniques can be expanded 
to include the correction for image motion* A 
second design which requires that the motion of 
film past a fixed slit ntove synchronously with 
the scanning rotation of a prism can also be cali- 
brated. In this ca^, timing marks are employed. 
Film transport which might vary from ten to one 
hundred inches a second might need timing fre- 
quencies higher than one thousand cycles per 
second. The 1 dynamics of panoramic cameras 
suggests the necessity of calibration with several 
frames being analyzed at various speeds* 

4.8i|pUTURE CAliSRATION 
ICONSIDERATTQks 

The various methods of calibration have been 
discussed in previous^ paragraphs, each method 
having specific advantages. The multicollj^t^ 
method has high production capability and every; 
phase can, be vycli confrolled. The laboratory^ 
goniometer techniques are also- precise; and wjeflk 
controlled when corrections are made for visual 
chromatic aberrations . S tellar me thod s have 
high accuracy by virtue of the dense field of stars 
of known positions . Camera -V* system* * tests 
which include the uncontrolled (or partially 
controlled) tfhvu^nment of the airborne vehicle 
may appear most realistic but the use of the 
cahbration values so -derived needs proof in a 
reasonable number of applications. ? 

The question as to which method best serves 
the interest of the map-makers is not yet an- 
swered. It begins to' be apparent, however, that 
two additional studies are still needed -to 
evaluate the complete problem; One study 
should : correlate geometry from images oh glass 
plates with gdo^try from images on film in the 
operational camera. To explain: there has been 
general 'acceptance that the operating camera 
system is a highly stable instrument geomet- 
rically ; and unless one is concerned with gecn 
metric accuracy to a few micrometres, this as- 
sumption is tenable. When, however, isolated 
tests have shown that good agreement in values 
of separate calibrations on plates and film is not 
always attained, then it would seem that the next 
step in calibration should be a requirement for 
this test. The operating camera calibration 
should not be a substitution for calibration of the 
camera body since this is basic, the role of Che 
national laboratories in quality control of map- 
ping cameras is fundamental, but it should be an 
additional calibration that requires agreement of 
geometric values. The stability of the operating 
camera geometry is then more nearly assured; 
Such was the path that lead Hailert to his Tall. 
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